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ABSTRACT: Acacia senegal (L) Willd is a multipurpose tree species that occurs throughout semi-arid Africa. Poor 
yields of gum from the species in the semi-arid region of Nigeria may be due to more frequent drought events. It is not 
yet clear whether some populations of A. senegal may respond differently to any encroaching drought. The effects of 
water deficit on growth, biomass allocation and photosynthesis of A. senegal seedlings from Nguru and Gujba province 
of Yobe state, North Eastern Nigeria were studied under glasshouse conditions for 120 days. Plants were subjected to 
three watering regimes; control (well-watered) conditions corresponding to 25% gravimetric water content (GWC), mild 
water deficit at 15% (GWC) and severe-water-deficit at 10% (GWC), respectively. There was a highly significant 
difference in stomata conductance among the treatments (F2, 84=11.38, P< 0.001) in relation to water deficit. There was no 
statistical difference in quantum yield between the two provenances (F1, 84 =0.15, P=0.695) and interaction between 
treatment and provenances was also not significant (F2, 84= 2.14, P=0.124). mean root length between the provenances 
were significantly different  (F2,84 =0.60, P< 0.001) however Root length was not statistically significantbetweentreatments  
(F2,84= 0.60, P= 0.550). Plant biomass, stomata conductance, quantum yield, chlorophyll fluorescence, relative water 
content, root length and root: shoot ratios were highly responsive to changes in soil water. It was concluded that A. senegal 
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Climate related increases in global mean temperature 
and changes in the world’s hydrological cycle are 
likely to have substantial effects in some regions 
(IPCC, 2007).In the Sahel region of Africa, two 
catastrophic droughts occurred within a dry period of 
25 years, from 1968 to 1993 (Nicholson, 2001, 
Hiernaux et al. 2009), since then, rainfall in the region 
has fluctuated (Frappart et al. 2009). The climate in 
the region is characterized by a unimodal rainfall 
regime controlled by the West African Monsoon 
(Nicholson 1981).Long-term decreases in 
precipitation, linked to anthropogenic climate change, 
have caused a die-off of mesic tree species, especially 
following severe and extreme drought events (Allen et 
al. 2010). Acacia savannas represent one of the most 
extensive vegetation types of dry lands in Africa 
(Traoré et al. 2012). Acacia senegal (L.) Willd. 
arewidely distributed in the arid and semi-arid regions 
of Nigeria, and  has an enormous ecological and 
economic importance value for its gum, fodder and 
timber. One of the most important environmental 
factors constraining growth and productivity of plants 
is drought (Anjum et al. 2011, Lidon and Cebola, 
2012).The relative survival of trees on arid and semi-
arid land largely depends on the selection of suitable 
species and populations for drought tolerance. In stress 
environments, performance in terms of development, 
growth and yield depends on the plant’s ability to 
withstand, acclimate or recover. Tree species growing 
in arid conditions have evolved many physiological, 
morphological and anatomical adaptation mechanisms 
to cope with water deficit and drought (Arndt et al. 
2001, Mundree et al. 2002). The regulation of 
photosynthetic activity may be a necessary adaptation 
enabling stress resistant plants to avoid photo damage 
during exposure to drought (Toivonen and Vidaver 
1988). One tool widely used to examine 
photosynthetic performance in plants is chlorophyll 
(Chl) fluorescence (Guidi and Degl’Innocenti 2011, 
Baker 2008, Woo et al. 2008). Chl fluorescence 
analysis is widely used to estimate photosysthesis II 
(PSII) activity, which is an important location of 
abiotic stress (Guidi and Degl’Innocenti 2008, 
Hogewoning and Harbinson 2007, Lichtenthaler et al. 
2007). The aim of the present study is to contribute to 
a better understanding of the growth variation of A. 
senegal seedlings underwater stress, and how the 
ability to cope with drought stress may be related to 
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the provenances of the trees. The aim of the present 
study is to contribute to a better understanding of the 
growth variation of A. senegal seedlings underwater 
stress, and how the ability to cope with drought stress 
may be related to the provenances of the trees by 
evaluating the effects of water deficit on growth, 
biomass allocation and photosynthesis of A. senegal 
seedlings in a greenhouse condition. 
 
MATERIAL AND METHODS 
Plant material: Acacia senegalL.) Willd. (Synonym 
Senegalia senegal (L.) Britton) germplasm seeds were 
collected from two provenances in Yobe State, Nigeria 
incorporating two principal ecological zones of the 
state; Nguru (arid) of sahelian ecology and Gujba 
(semi-arid zone) in the sudanian ecological zone. 
Seeds were obtained from the Rubber Research 
Institute of Nigeria, Gum Arabic Sub-station Gashua, 
located at 1246’N and 1100’E 360m altitude. Acacia 
seeds were treated with concentrated sulphuric acid 
(H2SO4) (95%) for five minutes, then washed 
thoroughly with distilled water and dried. The seeds 
were kept for germination in Petri dishes over moist 
filter paper which were regularly moistened to avoid 
drying out. All dishes were kept in a hybridiser at an 
average temperature of 27oC. The seeds germinated at 
5—8 days and were transplanted to 30 cm x110 mm 
PVC stand tubes. 
 
Soil preparation and soil tubes: The soil used for the 
experiment was Rolawn Blended top loam soil. Ninety 
110 mm diameter PVC stand tubes made of polyvinyl 
chloride guttering pipes were cut to 30 cm with holes 
drilled at 10 cm and 25 cm heights from the top on 
each tube (for insertion of Theta Probe Soil Moisture 
sensor to measure the volumetric water content) and 
lined by plastic sleeves. The plastic sleeves could 
easily be pulled off at harvest to remove the soil body 
from the tubes without damaging the roots. The 
bottom of each tube was fitted with 1 mm2 plastic 
mesh attached by heavy-duty sticking tape. Tubes 
were then filled with 2000 g of saturated soil at 
uniform dry bulk density of 1.1 g cm-3. The water 
content (GWC) was determined by drying the soil to 
constant weight and measuring the soil sample before 
filling the tubes. The GWC was determined as in 
equation 1. In 2000 g of Rolawn Blended top loam 
soil, 35.85 % was water, soil was 64.15 % (=1283 g of 
soil). The target weights were 1971.32 g at 25 % 
(control), 1952.2 g at 15 % (mild drought) and 1928.3 
g at 10 % (severe drought) GWC. During the 
experiment, any change in the volumetric water 
content for all the tubes was monitored by weighting 
at a weekly interval. The same electronic balance with 
an accuracy of ± 0.01 g was used throughout the 
experiment.  
 
After 6 weeks at 25% GWC, watering was withheld in 
the drought tubes to allow them to reach the target 
GWC for each treatment, 15% GWC for mild drought 
and 10% for severe drought. When these had reached 
their target weight at 10 days of drought, they were re-
watered to maintain the desired targets of GWC after 
water loss by evapo-transpiration according to amount 
of water loss by weight. 
 
Soil volumetric water content was measured at 10cm 
and 25 cm depth using a calibrated theta probe Delta-
T Devices (ML2x) (Delta-T devices, Cambridge, UK.) 
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Soil Analysis: Soil moisture content at depths of 10 cm 
and 25 cm (Figure 1) revealed a significant difference 
(P≤0.001) in GWC. The three treatments appeared to 
be correctly applying different drought effects as 
expected throughout the depth of the pots. 
 
Experimental design: There were three treatments 
(watering regimes); fully watered (control), mild 
drought and severe drought with two factors 
(provenances and watering regime). Replication was 
n=15 for all treatments. Altogether there were 90 
tubes, which were divided in three blocks, one block 
per treatment. The replicates were assigned to a block 
and arranged completely randomly within a block. All 
tubes were weighed and labelled. One pre-germinated 
seed of each provenance (Nguru and Gujba) was sown 
in each tube. Position of pots was changed randomly 
within the block on alternate days to maintain 
uniformity in light conditions and blocks were 
reassigned to new positions bi-weekly. Water use was 
monitored every alternate day by weighing the tubes 
and the amount of water added every week was the 
average amount used by plant tubes. To avoid leaching 
from bottom of tubes, leached water was replaced 
carefully by sprinkling gently not to damage soil 
surface profile using a 50 ml water dispenser 
connected to 1 l glass bottle. The experiment was 
conducted in a greenhouse for seventeen weeks in 
March and July, 2013 at the School of Biological 
Sciences, University of Aberdeen, Scotland, UK. 
During the experiment, the average day/night 
temperature was 27/24oC; relative humidity ranged 
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from 50 to 70 % and the photoperiod was 8 hours of 
300 µmol m-2s-1 PAR (photosynthetic active radiation) 
at plant foliage height. 
 
Fig 1 shows the difference in the moisture content of tubes in the different 
treatments of control, mild and severe drought at 10 cm and 25 cm depth, 
respectively, indicated consistent difference between treatments 
 
Plant growth and physiology: At Week 10 of plant 
growth (4 weeks into the drought treatment) and two 
weeks to the end of drought application (at Week 15) 
stomata conductance (mmol m-2 s-1) in the youngest 
fully expanded leaf (lower surface) of all plants in the 
control and drought treatments was measured at 
midday (10:00-14:00 when gs was expected to be at 
peak values (Ullmann, 1989)), using an AP4 
porometer (Delta-T Devices, Cambridge, UK).The 
pinnate leaves of A. Senegal were carefully arranged 
in parallel to fill the leaf chamber (Figure 2). 
 
 
Fig 2 Measurement of stomata conductance in the youngest fully expanded 
leaflet 
To evaluate plant water status during the stress period, 
relative water content (RWC) was used, determined 
according to Barrs and Weatherly (1962). Cut leaves 
were weighed (fresh weight, FW), then kept  
moistened in drops of distilled water at room 
temperature for 24 hours to saturate and their turgid 
weights (TW) were calculated. The samples were then 
dried in an oven at 80 °C for 24 hours and weighed 







Where: RWC =relative water content, FW=fresh leaf 
weight, DW=dry leaf weight and TW=turgid weights. 
 
At 17 weeks after sowing, plants were harvested. A 
day before harvest chlorophyll fluorescence and 
quantum yield (a measure of the maximum 
photochemical efficiency of Photosystem (II)) were 
measured. To measure chlorophyll fluorescence and 
quantum yield whole plantswere moved to the 
laboratory and kept in a dark room for 10 minutes at 
room temperature to provide a dark period and then 
fluorescence was measured with a fluorescence meter 
(Fluorpen, Qubit system Inc. Kingston, Ontario 
Canada) on the second youngest fully expanded leaf 
(lower surface) of all plants in the control and drought 
treatments. At the end of the experiment, shoots were 
removed at the base and roots were thoroughly washed 
of soil particles. Total root length was determined by 
laying out the washed roots on a flat surface and 
measurement was taken with a metre rule before 
drying in 80 C oven to obtain dry weight. Shoot dry 
mass and root dry mass were determined. Root/shoot 
mass ratio and total plant biomass were calculated. 
 
Data analysis: Two-way analysis of variance 
(ANOVA) was carried out to test any differences 
among treatments. Significance levels were taken at 
5% level. Correlations were conducted between 
stomatal conductance and root length to identify any 
significant relationships between the two variables. 
All analyses were performed using the statistical 
software MINITAB® Release 16.12.0.& SigmaPlot® 
Release 12.0). A normality test was performed on all 
the data, which were log-transformed in cases where 
residuals were not normally distributed. 
 
RESULTS AND DISCUSSION 
Stomata Conductance: There was a highly significant 
difference in stomata conductance among the 
treatments (F2, 84=11.38, P< 0.001) in relation to water 
deficit. The control in each provenance was higher 
than the drought treatments (Figure 3) 10 weeks after 
the application of drought treatment. There was also a 
significant difference between the two provenances 
the Gujba provenance was higher in conductance than 
the Nguru provenance (F2, 84=14.86, P<0.001). There 
was no interaction between treatment and provenance 
(F2, 84= 0.28, P= 0.754). 
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Fig 3 Mean (±SE) stomatal conductance of A. senegal provenances at Week 
15 (10 weeks drought application) n=15.Means with different letter are 
significantly different among treatments (uppercase) and within treatments 
between the provenances (lowercase) after a Tukey test (P< 0.05). 
 
Correlation: Correlation between stomatal 
conductance and root length (Figure 4) for the various 
treatments (control, mild drought and severe drought) 
show significant positive correlation (r = 0.71, P< 
0.001). The correlation analysis further showed that 
49.51% of variation in stomatal conductance can be 
accounted for by the regression model. 
 
 
Fig 4. Correlation between stomatal conductance and total root length among 
the treatments (control, mild drought and severe drought). 
 
Quantum yield: Quantum yield among treatments was 
negatively affected by water deficit (F2, 84=31.18, P< 
0.001), at week 17 (Figure 4.). There was no statistical 
difference in quantum yield between the two 
provenances (F1, 84 =0.15, P=0.695) and interaction 
between treatment and provenances was also not 
significant (F2, 84= 2.14, P=0.124). Comparison of 
stomatal conductance and quantum yield (Figure 5) for 
the various treatments (control, mild drought and 
severe drought) show significant positive correlation 
(r = 0.27, P< 0.010). Correlation explains 49.51 % of 
variation in the stomatal conductance can be 
accounted for by the regression model r2= (6.21).  
 
Fig 5. Mean (± SE) quantum yield of PSII photochemistry in two provenances 
of A. senegal at 17 weeks,n=15.Means with different letter are significantly 
different among treatments (uppercase) but not within treatment the 
provenances (lowercase) after a Tukey test (P< 0.05). 
 
 
Fig 6. Correlation between stomatal conductance and quantum yield 
 
Chlorophyll Fluorescence: There was a significant 
effect of water deficit between treatment (F2, 84= 54.34, 
P<0.001) on chlorophyll fluorescence (Figure 7) There 
were no statistical differences (F2, 84= 1.97, P=0.147) 
in chlorophyll fluorescence between the two 
provenances or in interaction between treatments and 
provenances.  
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Fig 7 Mean (±SE) chlorophyll fluorescence in two provenances of A. senegal 
at 17 weeks,n=15. Means with different letter are significantly different among 
treatment (uppercase) but not within treatment the provenances (lowercase) 
after a Tukey test (P< 0.05). 
 
 
Fig 8 Mean (±SE) relative water content between two provenances of A. 
senegal, n=5, Means with different letter are significantly different among 
treatments (uppercase) but not betweenprovenances within 
treatments(lowercase) after a Tukey test (P< 0.05). 
 
Relative water content  (RWC): There was a 
significant difference between the treatments and the 
provenances, (P< 0.001) RWC in responseto water 
deficit. The control was higher than the drought 
treatments (Figures 8).There were no statistical 
differences (P>0.005) in interaction between treatment 
and provenances.But not between provenances within 
treatments.  
 
Root Length: At the end of the experiment mean root 
length between the provenances were significantly 
different  (F2,84 =0.60, P< 0.001),(Figure 9) and the 
interaction between treatment and provenance was 
statistically significant (F1,84 =25.31, P= 0.001).Root 
lengthwas not statistically 
significantbetweentreatments  (F2,84= 0.60, P= 0.550).  
 
Fig 9 Mean (±SE) root lengthof A. senegal in two provenances n=15.Means 
with different letters are significantly different betweenprovenance within 
treatments (lowercase) after a Tukey test (P< 0.05) 
 
Shoot dry weight: Mean shoot dry weightwithin 
treatments was significantlydifferent (F2,84 = 38.30, P< 
0.001), (Figure 10). The interaction between  
treatment and provenance was also significantly 
different (F2,84 =92.73, P< 0.001). Water deficit was 
not significantly different between provenances (F1,84= 
6.58, P= 0.012).  
 
Fig 10 Mean (±SE) Shoot dry weight between two provenances of A. senegal, 
n=15. Means with different letter are significantly different among treatments 
(uppercase) and between provenances within treatment (lowercase) after a 
Tukey test (P< 0.05) 
Root dry weight: Water deficit was significantly 
different on root dry weight within treatments (F2, 84= 
14.15, P< 0.001) and between the provenances (F2, 84 
=18.65, P< 0.001), (Figure 4.12).There were no 
statistical differences (F2, 84 =0.27, P>0.765) in 
interaction between treatment and provenances. 
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Fig 11. Mean (±SE) root dry weight two provenances of A. senegal, n=15. 
Means with different letter are significantly different among treatments 
(uppercase) and between provenances within treatments (lowercase) after 
ANOVA and Tukey test (P< 0.05) 
 
Root:Shoot Ratio: Root: shoot ratios between 
treatments werestatistically significant  (F2,84 =26.25, 
P<0.001)at the end of the experiment (Figure 12). 
There was also a statistical significant difference 
between the two provenences (F1,84=54.53, P<0.001). 
The interaction between  treatment and provenance 
was not statistically significant F2,84=2.54, P= 0.085. 
 
Fig 12 .Mean (± SE) root: shoot ratio between two provenances of A. 
senegaln=15.Means with different letter are significantly different among 
treatments (uppercase) and between provenances within treatment (lowercase) 
after a Tukey test (P< 0.05). 
 
 The importance of water deficit on the growth of 
Acacia seedlings was observed using a range of 
variables. There were differences in the pattern of 
growth between the provenances (arid and semi-
arid).Results supported those of Elfeel and Al-Namo 
(2011), who reported that drought significantly 
reduced growth traits in Acacia tortilis, Salvador 
persica and Leptadenia pyrotechnicain a nursery. 
Similarly, reduced growth of Acacia seedlings in 
response to water stress have been observed in other 
studies (Aref and El-Juhany, 2005 & 1999; El Atta et 
al.,2012).Similar results have been reported in a 
similar greenhouse experiment  using potted seedlings 
of Acacia albida (Del) and Acacia seyal (Del) 
subjected to three soil moisture regimes (Awodola 
1991). Water deficit has been showed to decrease with 
relative water content (Liu et al., 2004; Merchant et 
al., 2007). The relative water content decreased when 
the water was deficient in this study. The RWC values 
of A. Senegal from two provenances were reduced 
under drought stress, the highest reduction in RWC 
was obtained from the severe drought. Results of this 
study showed a pattern similar to those of others 
involving Acacia spp. (Liu et al. 2004, Merchant et al. 
2007; Abdelbasit et al. 2012). There is a relationship 
between relative water content and drought resistance 
(Abdelbasit et al. 2012) and decrease in relative water 
content is assumed to result in stomatal closure 
(Cornic 2000). Acacia species from two provenances 
in this study showed that stomatal conductance 
decreased under water deficit condition compared 
with the well-watered condition. Results of this study 
showed a pattern similar to those of other studies 
involving Acacia spp. (Otieno et al. 2005, Davies et 
al. 1992, Arndt et al. 2001, Liang and Zhang 1999, Liu 
et al.2004).The results of this study and several others 
(Chaves et al. 2002; Aasamaa and Sober 2011, Tsegay 
et al. 2014) indicate that responsive stomata and a deep 
root system in A. senegal both seem to increase the 
ability of the tree to endure drought for a considerable 
period without becoming severely dehydrated 
(Kramer 1980). The results of this study also showed 
that there is a positive correlation between stomatal 
conductance and root length. This indicates that an 
increases in root length can be associated with 
increased stomatal conductance. This effect would be 
an example of plasticity in root length in response to 
drought in this species. A decline in stomatal 
conductance, for example in response to water deficit, 
is associated with decrease in the quantum yield of 
PSII photochemistry (Fv/Fm ratio) (Hussain et al. 
2011;Guidi and Degl’innocenti 2011). In this study 
Fv/Fm values decreased in water deficit conditions 
compared to those in well-watered conditions. A 
similarpattern of Fv/Fmhas been observed in 
ofseedlings of Allocasuarina luehmannii which 
significantly decreased due to drought stress (Guidi 
and Degl’innocenti 2011).  Results of this study 
showed that there is a correlation between quantum 
yield and stomatal conductance which indicates that 
when quantum yield increases stomatal conductance 
also tends to increase in the tested treatments. Water 
stress in this study was associated with an increased 
allocation of dry matter to the roots, Shoot dry mass 
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and root/shoot ratios revealed apparent differences in 
growth response between provenances. Nguru (arid) 
provenances had longer roots than the Gujba (semi-
arid) provenances. Water stress also affects total 
biomass allocation between the two provenances. This 
finding corresponds with the results on the effect of 
watering regime on early growth of four different 
provenances of A. senegal. The arid provenance 
performed better when watered once in three days, 
then the semi-arid provenance when watered once in 
two days. (Isah et al. 2013). Large differences in 
biomass allocation as a result of water stress have also 
been observed in seedlings of A. tortilis from different 
habitats in Kenya (Otieno et al. 2001). Similarly, 
biomass allocation in A. tortolis from different 
provenances in Sudan were affected by water stress 
(Abdelbasit et al. 2012). In water limiting conditions 
the allocation of biomass tends to be modified in 
favour of root growth, leading to an increase in root 
dry weight and consequently the root to shoot ratios 
(Madhu and Hatfield 2013; Aref and El-Juhany 1999). 
Droughted A. senegalof the Nguru provenances had a 
significantly lower shoot dry weight but higher root 
dry weight than the Gujba provenances. This finding 
corresponds with the results of A. senegal seedlingson 
sandy soil in western Sudan (Mohamed 2005).Several 
studies have indicated increase inroot dry weight as a 
result of water stress in other Acacia species (Elfeel 
and Al-Namo 2011,Aref and El-Juhany, 2005, 1999; 
El Atta et al. 2012, Awodola 1991) 
 
Conclusions: The mechanisms by which Acacia 
species responded to significant soil drying seem to 
involve conservation of water by investment of more 
biomass to roots, less biomass to shoots presumably 
resulting in a reduction of transpiring surface and a 
reduction in midday stomata conductance. The 
survival of A. senegal seedlings in realistic soil drying 
conditions during a 120 days experimental period 
indicates a degree of drought tolerance and the ability 
of the species to acclimate to a ranges of water level 
by morphological and plastics response. 
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